Introduction
Gene therapy is a promising modality that has been used for the delivery of diverse recombinant proteins in vivo. We are interested in developing gene therapy to increase the healing rate and regeneration of various types of osseous defects. Among the most potent growth factors that stimulate bone formation are the BMPs, multifunctional cytokines which are members of the transforming growth factor (TGF)-␤ superfamily. 1, 2 The osteoinductive potential of BMPs, especially BMP2, BMP4 and BMP7, makes them clinically valuable as alternatives to bone grafts. [3] [4] [5] [6] In order to promote the healing of fractures or the fillingin of large bone defects, the BMPs should be delivered at adequate concentrations for a period of time sufficient to induce a strong bone formation response. Delivery of the BMP gene into an osseous defect has the potential to induce prolonged local synthesis of BMPs with a single application.
There are several reports that describe the use of vectors expressing the genes for BMP2, BMP4 and BMP7 in gene therapies to stimulate bone formation in a variety of systems (reviewed in Refs 7 and 8 studies on gene therapy with BMPs have used adenoviral vectors. [9] [10] [11] [12] [13] [14] Accordingly, it has been shown that adenoviral transfer of BMP2 can stimulate bone formation at ectopic sites 16 and promote healing of a segmental defect in long bones. 9, 14 In as much as the results of previous work using adenoviral vectors are promising and adenoviral vector systems have the advantage of high levels of gene expression acutely, adenoviral vector systems also have two important disadvantages: (1) these vectors, even with the use of 'gutted' adenoviral vectors, frequently elicit strong immune response, which is highly undesirable. More importantly, the immune response could not only produce adverse health effects in the host, but also could prevent repeated viral administrations. (2) Adenoviral vectors do not allow stable integration of the transgene into the host genome. The lack of stable integration of the transgene and the immune response would probably not allow for sustained expression of the therapeutic gene. In contrast, retroviral vector systems do not elicit substantial immune responses and allow stable integration of the transgene into the host genome and, therefore, could have important advantages over adenoviral vectors. In this regard, we have recently developed an MLV-based retroviral vector system that allows the secretion of biologically active BMP4 protein from transduced marrow stromal cells in amounts often exceeding 1 g/10 6 cells/24 h. 17 Consequently, we sought in this study to use our recently developed MLV-based BMP4 vector system to assess the usefulness of the retroviral vector-based system for gene therapy of bone repair and regeneration. In support of the contention that MLVbased vectors can be an effective means to deliver a bone growing gene for gene therapy of bone repair and regeneration, several recent reports have obtained promising results with MLV-based vectors in gene therapy of bone defects. [18] [19] [20] There are at least two main routes through which the delivery of a BMP gene to a local site can be accomplished to promote healing: (1) In vivo gene therapy; and (2) ex vivo gene therapy. Because of the low transduction efficiency with in vivo retroviral transfer, we have elected to develop ex vivo gene therapy. For this, we selected bone marrow stromal cells. Such cells are precursors to osteoblasts and are cycling cells and, thus, can be readily transduced with retroviral vectors. Additionally, such cells should be able to survive in their natural habitat within a bony lesion for long periods of time.
We chose a cranial critical bone defect model to assess the utility of our MLV-based ex vivo gene therapy approach to promote bone healing for the following reasons: (1) The healing of this cranial bone defect does not occur spontaneously over an extended observation period (eg for up to 12 weeks), and an addition of the appropriate amount of growth promoting substance can induce complete healing within 3-4 weeks. 21 (2) It has recently been shown that implantation of gingival fibroblasts transduced with a BMP7 adenoviral vector in rats 22 or autologous stromal cells transduced with a BMP7 MLV-based vector in rabbits 20 was able to heal cranial bone defects within 4 weeks and 12 weeks, respectively. (3) The management of the surgical site is relatively easy. Unlike defects involving limbs or the spinal column, no stabilization is required, because the cranial site does not bear significant mechanical loads. Moreover, it is relatively easy to insert test substances such as ex vivo viral transduced cells into the defect and hold them tightly in place with skin sutures. 23 In this study, we showed that implantation of a gelatin matrix impregnated with MLV-based BMP4 vector transduced stromal cells completely healed a large cranial critical size bone defect within 4 weeks in the rat. Therefore, this study provides strong evidence that retroviralbased gene therapy with a growth promoting gene has the potential for repairing large skeletal defects.
Results

BMP4 expression in MLV-transduced stromal cells
In order to develop a successful ex vivo gene therapy for bone formation, cells are required that exhibit high-level gene expression and sufficient long-term expression to form large amounts of bone. We have been able to achieve these requirements with an MLV-based retroviral vector that has the gene for the mature human BMP4 protein coupled to a secretion signal from BMP2. 17 In the present study, we verified the production of BMP by immunostaining and on Western blots using specific BMP4 antibodies in stromal cells transduced with BMP4 or control MLV virus. A high level of BMP4 transduced cells (>60%) stained positive for the transgene (Figure 1a) , while cells transduced with a control LacZ vector show only background staining (Figure 1b) . In order to quantitate BMP4 expression by stromal cells transduced with BMP4 vector, cells were lysed in electrophoresis buffer for Western blotting with BMP4 antibody. Figure 1c shows that stromal cells transduced with BMP4 showed an immunoreactive band at the anticipated molecular weight of 24 kDa (lane 1), while control transduced stromal cells exhibited no band at this position (lane 2). Quantitative densitometry with known quantities of BMP4 standard on the same blots were performed with various cell preparations. From these experiments, it was estimated that cell lysates contained 0.3-0.5 g of BMP4 per 1 × 10 6 cells. This high expression level was maintained at least for the first 4 weeks of continuous culture after transduction. After this initial period, cells continued to express the protein, but expression levels decreased to about half the initial level within 8 weeks after transduction (data not shown).
Healing of calvarial defect and quantitation of bone formation after implantation of transduced stromal cells
In rat calvarial critical defects that were implanted with 2.5 × 10 6 stromal cells expressing BMP4, the entire defect was filled in with bone that appeared to be of higher bone mineral density (BMD) than the peripheral area surrounding the defect, as shown by X-ray imaging after 4 weeks (Figure 2b ). In contrast, very little bone fill-in had occurred in controls that had received either gelatin matrix (Gelfoam) alone without cells (Figure 2a ), or Gelfoam containing control bone marrow stromal cells that had not been transduced with growth factor (Figure 2c ). To quantitate the amount of newly formed bone, BMD at the defect and surrounding peripheral area was measured by DEXA ( Figure 3 ). BMD in the defect of rats implanted with stromal cells expressing BMP4 was 67.8 ± 5.7 mg/cm 2 (s.d., n = 4). This was 119% of the BMD measured in the periphery surrounding the defect in controls (57.2 ± 1.5 mg/cm 2 , n = 4), suggesting that the defect has been completely filled in with new bone. In contrast, BMD in the defect area from controls without BMP was five-to six-fold lower. Control BMD in the defect area was not different in rats implanted with Gelfoam alone (11.6 ± 9.1 mg/cm 2 , n = 3) or Gelfoam containing untransduced stromal cells (13.8 ± 7.4 mg/cm 2 , n = 4). Similarly, when control cells were transduced with MLV-lacZ vector containing the same backbone as MLV-BMP4, they exhibited low bone formation like untransduced cells (see controls in Figures 4 and 5) .
In rats implanted with stromal cells expressing BMP4, no appreciable differences were found in the center of the defect when compared with the outer edge in BMP4 implants (data not shown). This most likely indicates that bone formation occurs throughout the defect, and not just at the edge adjacent to the old bone, as occurs without implantation of growth factor. Interestingly, the BMD of the peripheral area surrounding the defect was 126% (72.2 ± 4.7 mg/cm 2 , n = 4) in implants of BMP4 cells, when compared with samples without cells (57.2 ± 1.5 mg/cm 2 ). Controls with untransduced cells were not elevated (103% of the control sample without cells; 58.8 ± 1.6 mg/cm 2 ). Compared against both controls, the increase obtained with the BMP4-expressing cells was significant (P Ͻ 0.02, ANOVA). This indicates that the BMP4 produced by the implanted cells resulted not only in filling of the defect with new bone, but also in increased bone formation in the area surrounding the defect. Figure 4 shows that the BMD increased in a linear fashion with time in the defect area of rats implanted with BMP4 expressing cells. At all the time-points measured, BMD
Figure 1 BMP4 immunostaining and Western blot analysis. Rat bone marrow stromal cells were transduced with MLV retrovirus coding for the BMP4 transgene as described in methods. Panel (a) shows immunostaining with BMP4 antibody of cells 7 days after transduction. Control cells without the BMP-transgene show only minimal background staining (panel b). Panel (c) shows a Western immunoblot after visualization with BMP4 antibody. Cell lysate corresponding to 1 × 10 5 cells containing the BMP4 gene were loaded in lane 1, while lane 2 contains lysate from cells transduced with MLV LacZ control vector. Lane 3 contains 10 ng of recombinant BMP4 standard. The position and size of molecular weight marker proteins (BioRad) is indicated on the right. A 24 kDa band corresponding to the BMP4 standard (marked by arrow) is seen in cell lysates from bone marrow stromal cells transduced with BMP4 vector (lane 1), but not in control cells (lane 2). A nonspecific protein band of 80 kDa was routinely observed in lysates from both transduced and untransduced cells.
Time and cell number effect on bone formation
Gene Therapy in the defect area of the experimental group was significantly higher compared with the control group 2-4 weeks after implantation (P Ͻ 0.001). In control rats, BMD increased slowly between weeks 2 and 3, from 4.3 ± 0.7 mg/cm 2 to 10.6 ± 1.9 mg/cm 2 , followed by a more rapid increase between weeks 3 and 4, to 29.6 ± 7.0 mg/cm 2 . Variation in the number of implanted BMP4-producing 
versus control). Control animals were implanted with cells transduced with a reporter vector (--).
stromal cells indicated that the bone formation response was cell number-dependent at low levels (2 × 10 5 and 1 × 10 6 cells). However, measuring at the 2-week time-point, maximal BMD occurred with 1 × 10 6 cells in the implanted matrix, and increasing the cell number five times did not further enhance bone formation ( Figure 5 ). This may indicate that there is a limited pool of progenitor cells that can be induced to differentiate into bone forming cells by BMP4.
Histological studies
Histological evaluation of the newly formed bone within the defect showed that at 2 weeks there had been an initial deposition of a mixture of fibrous tissue and new bone. There was no evidence of cartilage formation. The presence of active osteoblasts was confirmed by the demonstration of strong alkaline phosphatase activity in the cell membranes of cells surrounding the bone after 2 weeks (Figure 6b ), while no alkaline phosphatase staining was seen in typical sections that were implanted with control cells (Figure 6a ). Active bone formation at 4 weeks was indicated by the presence of plump osteoblasts (large basophilic cytoplasm and lighter staining Golgi) and by the presence of wide osteoid seams on bone surfaces (not shown). About 60% of the bone surfaces could be identified as forming surface by the presence of osteoid seams in defects implanted with BMP4-expressing cells.
In the controls, bone formation measured at 4 weeks was largely confined to the area adjacent to the edge of the defect and at the junction of the gelatin sponge and the dura membrane (Figure 6c ). In the samples treated with BMP4-expressing cells, the bone formation occurred within and around the gelatin sponge in addition to the junction of the sponge and dura mater. The result was a thick layer of spongy bone that exceeded the thickness of the original calvaria (Figure 6d) . Examination of the bone deposits indicated that while the initial deposition of bone may have been unorganized, the bone being deposited at both 2 and 4 weeks was laminar in structure. By 4 weeks, the appearance of a few osteoclasts (identified by morphology and the presence of tartrateresistant acid phosphatase activity) on the outer surfaces of the implants and the presence of scattered areas of marrow within the new bone indicated the initiation of remodeling within the implants (not shown).
Immunostaining of implants for BMP4 showed cells that expressed BMP4 after 2 weeks (Figure 7a ), while
Figure 6 Histology of defect area. The left panels show sections that have been stained for alkaline phosphatase 2 weeks after surgery. No alkaline phosphatase is seen in a typical section from a defect implanted with control cells (a), while strong alkaline phosphatase staining in implants with BMP4-expressing cells indicates active bone formation (b). The right panels show the extent of mineralization 4 weeks after implantation of control (c) and BMP4-expressing cells (d). Panel (c) shows the edge of the defect (arrow) after implantation of untransduced control stromal cells. Old lamellar bone (O) is stained dark blue with Goldner's stain. A short area of spongy new bone (N) was formed immediately adjacent to the edge of the defect. Additionally a thin layer of new bone was formed along the dura. The defect is covered with a fibrous membrane (F). Panel (d) is from an implant with BMP4-stromal cells and shows widespread cancellous new bone formation around the edge of the defect and around connective tissue (C) towards the defect center.
only very few BMP4-positive cells were detected after 4 weeks (not shown). This suggests that expression of the BMP4 transgene occurs mostly in the initial implant phase, and does not extend significantly past the 2-week point. Control implants did not stain positively for BMP4 after 2 weeks (Figure 7b ) or 4 weeks (not shown).
Discussion
A major objective of the present study was to evaluate the usefulness of our newly developed MLV-based retroviral vector to deliver sufficient amounts of biologically active BMP4 to heal a large bone defect. Two major problems that limited the usefulness of ex vivo retroviral vector systems to deliver a BMP gene in the past have been the low level of secretion of BMP protein in transduced cells and the relatively low titer. In this regard, our recently developed MLV-based vector system appeared to overcome these limitations. 17 Accordingly, we reported that the use of the BMP2/4 hybrid expression construct, in which the propeptide domain of BMP4 was replaced by the corresponding propeptide domain of BMP2, greatly enhanced the secretion of mature and biologically active BMP4 by the transduced cells. 17 The titer of our MLV-based BMP4 retroviral vector was in the range of 1 × 10 6 to 5 × 10 6 transduction units per ml. 17 Although it is relatively low compared with adenoviral vectors, it is high compared with most available retroviral vector systems. Consequently, our recent advance in the development of a high titer MLV-based BMP4 retroviral vector that allows secretion of high levels of functionally active human BMP4 in transduced marrow stromal cells 17 pro-
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vides us with an important tool to test the feasibility of development of an MLV-based retroviral vector system for gene therapy of bone repair and regeneration. Indeed, during the course of our investigations, several recent reports presented results that were strongly supportive of the contention that MLV-based retroviral vector systems expressing a bone growth enhancing gene could be an effective means for gene therapy of bone defects. [18] [19] [20] In the present study, we sought to test whether ex vivo gene therapy using marrow stromal cells transduced with our MLV-BMP2/4 retroviral vector would promote bone formation in a calvarial critical size bone defect model in the rat. Several well-established critical size defect models have been used in the past for investigating the efficacy of biomaterials, growth factors and gene therapy vectors. 3, 5, 6 In this study, we used an 8-mm cranial defect model in rats to evaluate the efficacy of ex vivo gene therapy. Several lines of evidence demonstrate that stromal cells transduced with MLV-based BMP2/4 retroviral vector can completely heal the defect within 4 weeks. First, evaluation of the extent of new bone formed by digital X-ray (Faxitron) revealed that the defect was completely filled with new bone in rats implanted with BMP4-expressing stromal cells, while new bone formation filled less than 20% of the area in rats implanted with gelatin sponge alone or gelatin sponge containing control stromal cells. Second, quantitation of the amount of new bone formed at the defect site by bone density measurements using DEXA revealed that bone density in the defect area of rats implanted with BMP4-expressing stromal cells was higher than the area surrounding the defect. In contrast, bone density of the defect area in rats 
BMP4-producing cells were identified by immunostaining (brown color, arrows) of demineralized sections from the bones of rats implanted with cells on gelfoam gelatin matrix for 2 weeks. Sections were counterstained with toluidine blue to show the location of cells (dark blue). (a) Implant with BMP4-expressing stromal cells; (b) implant with LacZ stromal cells. The material of the gelfoam implant (labeled g) is stained light blue by toluidine blue. BMP4 producing cells are evident in the implants with BMP4 stromal cells (identified by arrows), but not in control implants.
implanted with control cells was less than 25% of the area surrounding the defect. Third, histomorphometric studies revealed evidence for initiation of bone formation at multiple sites in the defect area of rats implanted with BMP4-expressing stromal cells, while rats implanted with control cells had bone formation limited to the edges of the defect. Thus, we have compelling evidence to demonstrate the feasibility of MFG-based stromal cell-mediated gene therapy to heal large size cranial defects.
Although there are several studies which have shown evidence for skeletal regeneration in vivo using ex vivo modified stromal cells, myoblasts, or fibroblasts, 10, 15, 16, 22, 24, 25 our study is unique in that it provides quantitative data on the extent of healing by valid bone density measurements. Furthermore, our data demonstrate that the healing of a critical calvarial defect is dependent on the time of exposure, as well as the number of BMP4-expressing stromal cells implanted. Time course studies revealed that there was a linear increase in BMD between 2 and 4 weeks after implantation of 2.5 × 10 6 BMP4 stromal cells in the calvarial defect. Subsequent experiments with different time-points indicated that there was a lag time of 1 week until bone formation started, and that little additional bone was formed between weeks 4 and 8 (not shown). Therefore, bone formation activity appears to be most active 1-4 weeks after implantation.
When varying numbers of MLV BMP4-expressing stromal cells were implanted, it was found that bone density was increased between 0.2 and 1 × 10 6 cells, but not between 1 and 5 × 10 6 cells at the 2-week time-point. We believe that the increased bone production is due to increased local production of BMP4. It is possible that the difference in bone density produced between 1 and 5 × 10 6 cells may become evident later than 2 weeks. Alternatively, there is a limited pool of progenitor cells available at the implanted site for BMP4 and that BMP4 produced by the highest dose of cell number did not have adequate progenitor cells for recruitment. Future studies are needed to address the limiting factors that contribute to BMP response at the implant site.
The amount of BMP4 produced by stromal cells after implantation depends on the ability of ex vivo modified stromal cells to survive at the implant site. In order to prevent migration of cells from the implant site, stromal cells were cultured overnight on a Gelfoam gelatin sponge. In addition to serving as a vehicle to transfer the cells and keep them localized in the defect area, the Gelfoam sponge may also serve as a three-dimensional scaffold that enhances cell recruitment, attachment and differentiation of local progenitor cells. 26, 27 In our study, we found that neither Gelfoam alone nor Gelfoam containing control stromal cells was effective in completely healing the 8-mm calvarial defect in the rat model used in this study. In contrast, it was found in a previous study that stromal cells alone can fill smaller calvarial defects in a mouse model. 28 It remains to be established whether the lack of effect of stromal cells to heal calvarial defects in the rat model compared with the mouse model is due to differences in the size of the defect, cell populations used, or species difference.
An important issue in ex vivo gene therapy studies relates to the time course of transgene expression in implanted cells in vivo. While our stromal cells transduced with MLV-based retroviral vector produced BMP4 protein for sustained periods of time in vitro, expression of BMP4 appeared to decrease much faster in implants. Immunohistochemical experiments detected a small number of BMP4-positive cells remaining after 2 weeks, while no cells staining for BMP4 could be detected after 4 weeks. We cannot presently distinguish whether this loss of transgene expression is due to gene silencing or loss of cells either by migrating out of the implant site, cell death due to lack of nutrition or from elimination by the immune system. Much additional work is needed to definitively determine the fate of transplanted cells. Nevertheless, cell fate and duration of gene expression are very important parameters for gene therapy, because escaping cells might form bone at distant extraskeletal sites. However, we have found no evidence of bone formation at extraneous sites when animals were examined 8 weeks after implantation.
An additional concern for this gene therapy approach is that continuous overexpression of BMP could be toxic, since it has been reported that overexpression of BMP7 from a strong viral promoter is toxic to cells in vitro. 20 However, our implant cells expressing BMP4 do not exhibit signs of cytotoxicity in vitro. 17 In addition, because only very few BMP4-expressing cells could be detected after 4 weeks in vivo, long-term overexpression of BMP4 does not occur in our system. Consequently, we do not foresee that potential cytotoxicity is a significant problem in our model.
Finally, histological examination of the healing defects showed that the presence of BMP4 producing stromal cells produced multiple sites of de novo bone formation in the Gelfoam-filled defect such that new bone formed throughout the entire implant area. Because there was no cartilage present, the new bone appears to develop in a direct manner similar to that reported for calvarial defects stimulated by the BMP present in demineralized bone particles. 29 The bone being laid down at 4 weeks, while cancellous rather than cortical, appeared to have normal laminar architecture. New bone formation was still very active at 4 weeks as shown by the presence of large plump osteoblasts, wide osteoid seams and high alkaline phosphatase activity. Thus, consolidation of the cancellous bone was continuing and therefore could have resulted in regeneration of normal cortices. This densitometric and histologic study indicates that treatment with Gelfoam implants containing BMP4 producing stromal cells is an effective treatment for stimulating bone healing.
In conclusion, we have presented several lines of evidence to demonstrate that the repair of large size cranial defects can be accomplished by implantation of stromal cells expressing BMP4 transgene. These and other data support the concept that retroviral based BMP4 ex vivo stromal cell gene therapy has the potential for regeneration of human skull bone defects.
Materials and methods
Construction of BMP virus
A hybrid expression construct containing the signal sequence of hBMP2 and the mature sequence of BMP4 30 was prepared and incorporated into a retroviral backbone based on MLV. Details of the construct and biological activity of the secreted mature BMP4 from transformed and nontransformed cells are described elsewhere. 17 Preparation and culture of rat bone marrow stromal cells and viral transduction Stromal cells were prepared as previously described 31 with minor modifications and cultured in Dulbecco's modification of Eagle's medium (DMEM) with 10% fetal bovine serum (FBS, Gibco/BRL Life Technologies, Rockville, MD, USA) at 37°C with 5% CO 2 . Briefly, Fisher 344 rats, 7-10 weeks old, were obtained from Harlan-Teklad, San Diego, CA, USA. Femora and tibiae were dissected and the marrow was collected by flushing the cavity with DMEM. The cells were washed twice with DMEM by low speed centrifugation, dispersed gently to generate a single cell suspension, and placed in 10-cm culture dishes with DMEM and 10% FBS. After 2 days, the nonadherent cells were removed by washing twice with phosphate buffered saline (PBS), and the adhering stromal cells were cultured until confluent. The cells were passaged in 5-7 day intervals and frozen stocks from the first passage were prepared for subsequent experiments.
For transduction, cells were plated at 50% confluence and left to attach overnight. The medium was removed and replaced with viral preparation at a concentration Gene Therapy corresponding to 30-50 transforming units/cell in DMEM, 10% FBS, and 8 g/ml of polybrene. After 8 h, the medium was removed, replaced with fresh viral preparation and left overnight. A third incubation with fresh virus was then performed for an additional 8 h. The transduced cells were expanded for one passage and frozen stock prepared. Cells that were used in animal experiments were in culture for 3-6 weeks after viral transduction. Control stromal cells used were either untransduced (for experiments described in Figures 2  and 6c ) or stromal cells transduced with a MLV vector carrying the LacZ reporter gene (all other controls).
For implantation, gelatin sponges (Gelfoam; Pharmacia and Upjohn, Kalamazoo, MI, USA) were cut to the size of the defect and placed in six-well plates. Confluent cells were trypsinized, counted and suspended in complete medium after low speed centrifugation. The desired amount of cells was pipetted slowly on top of the Gelfoam in a volume of 200 l and left to settle on the Gelfoam for 15 min. After an additional hour in the incubator, 5 ml of complete medium was added and the cells were allowed to attach to the matrix overnight.
Surgical procedures
Male Fisher 344 rats were obtained from Harlan-Teklad, and maintained at the Animal Research Facility of the Jerry L Pettis Memorial VA Medical Center for 7-14 days before the start of the experiment. All animal use procedures were approved by the Institutional Animal Care and Use Committee. Animals aged 7-8 weeks were anesthetized by intraperitoneal injection of ketamine and xylazine and the surgical site prepared by shaving and cleaning with disinfectant. A 3-cm incision was made over the calvariae and the skin held open by retractors. The periosteum was pushed to the side bilaterally and an 8-mm craniotomy defect was created with a trephine (Von Zabern Surgical Instruments, Riverside, CA, USA) attached to an electrical drill. Copious saline irrigation was applied during the procedure and the drilling was stopped when the defect area felt loose when probed. The calvarial disk was then removed by severing the remaining connections with a blunt surgical probe. Extreme care was taken to avoid damage to the dura mater, and occasional bleeding was stopped by temporary application of small pieces of Gelfoam. Gelfoam disks containing cells were then removed from the culture medium, washed 3× in PBS and inserted into the defect. The skin was closed using 4-0 silk sutures.
X-ray imaging (Faxitron) and densitometry (Piximus)
Animals were killed and calvariae dissected out for analysis. Bone formation was assessed in an X-ray specimen radiography system MX20 (Faxitron X-ray Corporation, Wheeling, IL, USA). X-ray images were obtained using Cronex 10T medical X-ray film at 26 keV for 6 s or by using automatic exposure by digital camera. Bone density was quantitated by dual-energy X-ray absorptiometry (DEXA) using a PIXImus soft-X-ray densitometer (Lunar, Madison, WI, USA) and analysis software version 1.45 provided by the manufacturer. A rectangular area encompassing the defect was defined as the total area of measurement. The 8-mm circular defect area was then determined and the peripheral area outside the defect was determined by subtraction. The peripheral area was approximately twice the size of the defect area.
